Enzymatic treatment of o-, m-, and p-chlorophenols and o-, m-, and p-cresols from artificial wastewater was undertaken through the enzymatic conversion into the corresponding phenoxy radicals with horseradish peroxidase (HRP) and nonenzymatic radical coupling reaction. The concentration of chlorophenols and cresols decreased sharply over the reaction time and waterinsoluble oligomer precipitates were generated. The optimum conditions were determined to be the H 2 O 2 concentration of 2.5 mM and poly(ethylene glycol) with molecular mass of 1:0 Â 10 4 (10K-PEG) of 0.10 mg/cm 3 at 30 C for treatment of p-chlorophenol at 2.5 mM. The optimum pH values depended on the relative position of a chlorine atom for chlorophenols and on a methyl group for cresols. Concentrations of HRP and 10K-PEG were increased to 1.0 U/cm 3 and 1.0 mg/cm 3 respectively to treat m-chlorophenol highly. For o-chlorophenol, a decrease in the pH value to 3.0 after the enzymatic treatment led to the enhancement of the aggregation of oligomer precipitates. The % residual value for o-cresol effectively decreased by absorbing water-soluble intermediates on the chitosan films. These results indicate that chlorophenols and cresols were removed to a great degree by this technique, although the detailed procedure depended on the position of substituent groups of chlorophenols and cresols.
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Key words: horseradish peroxidase; chlorophenol; cresol; enzymatic removal; water purification Phenol compounds are found in wastewater from a wide variety of industries, including coal conversion, petroleum refining, resins and plastics, mining, and pulp and paper, in which their concentrations typically range from 100 to 1,000 ppm. Nearly all phenol compounds are toxic, and some of them are known to be carcinogenic. 1) If they are released into the bodies of water, various environmental problems arise. Although microorganisms, [2] [3] [4] [5] activated carbon, [6] [7] [8] [9] [10] chemical oxidation, [11] [12] [13] and so on are used in the treatment and degradation of various phenol compounds, these methods have disadvantages that need to be solved such as low efficiency, large space, and high equipment investment. The use of enzymes in the treatment of phenol compounds has been studied extensively as an alternative procedure, [14] [15] [16] [17] [18] and has potential advantages over the conventional treatments such as selective removal of particular pollutants, high reaction rates, and simplicity of controlling the process. Oxidoreductases such as mushroom tyrosinase 14, [19] [20] [21] and horseradish and soybean peroxidases (HRP or SBP) [22] [23] [24] [25] [26] have been most comprehensively studied for the treatment of phenol compounds.
We constructed an effective removal technique for pand m-alkylphenols by a combination of the quinone formation by mushroom tyrosinase with the subsequent nonenzymatic adsorption of quinone derivatives generated on chitosan beads. 19, 20) Mushroom tyrosinase has no activity to o-alkylphenols and many branched p-or malkylphenols. High enzyme dosages are required for high or complete treatment of p-and m-alkylphenols, in addition to the fact that mushroom tyrosinase is rather expensive. These disadvantages have frequently limited the use of mushroom tyrosinase. It is well known that HRP and SBP catalyze the oxidation of a number of organic substrates such as alkylphenols and azo dyes in the presence of hydrogen peroxide (H 2 O 2 ). 23, 25, [27] [28] [29] HRP is a promising candidate for treating phenol compounds in its stability, broad substrate specificity and ability to operate in wide ranges of pH values and temperatures.
HRP is oxidized by H 2 O 2 and passes from the native state through two catalytically active forms referred to as compounds I and II. Buchanan et al. 30) have reported based on kinetic investigations that peroxidase is inactivated by both interaction with free radicals y To whom correspondence should be addressed. Tel: +81-47-474-2571; Fax: +81-47-474-2579; E-mail: k5yamada@cit.nihon-u.ac.jp enzymatically generated and entrapment in oligomer precipitates. In addition, several studies have been carried out to extend the lifetime of peroxidases. For example, additives such as gelatin, poly(ethylene glycol) (PEG), a cationic polymer coagulant, and a surfactant are added to phenol compound solutions containing peroxidase in the presence of H 2 O 2 27,31-33) in order to restrain the deactivation of peroxidase. Although the enzymatic activity to different phenol compounds and their removal has been investigated by many researchers, determination of the optimum conditions for treating phenol compounds enzymatically has not been adequately investigated. In some cases, a small amount of phenol compounds were left unreacted in solutions. 23, 24, 28) If the influence of the position of substituent groups on enzymatic treatment of phenol compounds is systematically estimated, this procedure can be widely applied to removal of di-and tri-chlorophenols and alkylphenols with longer linear or branched carbonchains containing suspected endocrine disrupting chemicals such as p-n-octylphenol and p-n-nonylphenol.
In this study, the influence of the position of substituent groups on the enzymatic treatment of chlorophenols and cresols with HRP was systematically investigated to determine the optimum conditions such as the H 2 O 2 concentration, PEG concentration and its molecular mass, pH value, temperature, and HRP dose. In addition, we set out to remove chlorophenols and cresols from aqueous solutions to a great extent by this procedure.
Materials and Methods
Chemicals. Highly stabilized HRP (EC 1.11.1.7) (type II, essentially salt-free, lyophilized powder) of the specific activity of 269 U/mg-solid (activity determined by the supplier) was purchased from Sigma (St. Louis, MO). o-, m-, and p-Chlorophenol and o-, m-, and p-cresol were obtained from Wako Pure Chemicals (Tokyo) and Tokyo Kasei Kogyo (Tokyo), and used without further purification. PEG samples of molecular mass of 1:0 Â 10 3 , 4:6 Â 10 3 , 1:0 Â 10 4 , 2:0 Â 10 4 , and 1:0 Â 10 5 (quoted from the suppliers) were obtained from Sigma Chemical and Wako Pure Chemical and named 1K-PEG, 4.6K-PEG, 10K-PEG, 20K-PEG, and 100K-PEG respectively. All other chemicals were used without purification.
Batch reactions. The experiments of enzymatic treatment of chlorophenols and cresols were carried out in the batch systems. Solutions of chlorophenols and cresols, HRP, PEG, and H 2 O 2 were prepared in the phosphate buffers of pH 5 to 8 (ionic strength = 0.01 M). HRP was added to a solution of each phenol compound (20 cm 3 ) containing PEG in 100 cm 3 amber-colored vials, and then the mixture solutions were taken to a 35 cm 3 volume with buffers. Just after the temperatures of the solutions were adjusted to a given temperature in a temperature-controlled bath, the enzymatic reaction was initiated by adding 5 cm 3 of H 2 O 2 solution to the mixture solutions. The initial concentrations of HRP, PEG, and H 2 O 2 were adjusted to 0.10 U/cm 3 , 0.1 mg/ cm 3 , and 2.5 mM respectively in the phenol compound solutions at 2.5 mM unless otherwise noted. The solutions were stirred at 1,500 rpm during the enzymatic reaction. The generation of oligomer precipitates was followed up by turbidity (cm À1 ) calculated from the absorbances of the aliquots taken from the solutions at 600 nm on a Shimadzu UV-visible recording spectrophotometer UV 260 using equation 1:
where and L denote turbidity and cell length (1 cm), respectively. After the absorbance measurements, the aliquots were immediately returned to the reaction solutions. Another aliquot of 0.8 cm 3 taken from the reaction solution at predetermined time intervals was filtered with a filter unit, Dismic Ò , (Advantec, Tokyo, ¼ 13 mm, pore size = 0.45 mm) to remove the oligomer precipitates generated.
A chitosan solution (1.0 w/v %) was prepared by adding 1.0 g of chitosan flakes (chitosan 1000, Wako Pure Chemicals) to 100 cm 3 of distilled water and added 2 M HCl to keep the pH value of 3-3.5. After most of the added chitosan flakes were dissolved, the solution was filtered to remove the insoluble parts under reduced pressure. Chitosan films were prepared by pipetting a chitosan solution of 3.0 cm 3 into a Petri dish of 8.5 cm in diameter. The solution was allowed to dry in an oven at 60 C. The chitosan films (average thickness = 44 mm, ¼ 46 mm) removed were thoroughly washed with 1 M NaOH and water to neutralize the amino groups, and then dried under reduced pressure. 19) Quantitative assay of phenol compounds. The concentration of remaining phenol compounds was determined by high performance liquid chromatography or colorimetric assay with 4-aminoantipyrine (4-AAP) and potassium ferricyanide. Determination of the concentration of remaining p-cresol was carried out by a Hitachi L-7000 high performance liquid chromatograph combined with a spectrophotometer and an integrator (Hitachi L-7420, Tokyo). A catalase solution (0.4 cm 3 ) at 100 U/cm 3 was added to an aliquot of 0.4 cm 3 taken from the reaction solutions to stop the activity of HRP. Then the enzymes, HRP and catalase, were removed together with the oligomer precipitates by filtration with a positive-pressure-type USY-1 ultrafilter unit (Advantec, cut-off molecular mass = 1:0 Â 10 4 ). A reverse phase column, Inertsil ODS-2 (5 mm, 4.6 mm i.d. Â 15 cm), was used and the volumetric composition of aqueous acetonitrile solutions as the mobile phase at a flow rate of 1.0 cm 3 /min was adjusted to 6:4. After a prescribed time, a solution of 10 mm 3 was injected, and the absorption spectra were determined at 275 nm. 19) The concentrations of other five phenol compounds except for p-cresol were determined by colorimetric 4-AAP assay. 19, 34, 35) The reagents were added to a filtrant of 0.4 cm 3 in the following order: 3.0 cm 3 of 0.25 M sodium bicarbonate, 0.1 cm 3 of 20.8 mM 4-AAP, and 0.1 cm 3 of 83.4 mM potassium ferricyanide. After vigorous stirring for 10 min, the concentration of phenol compounds was determined from the absorbance measured at a wavelength depending on the type of phenol compounds. 34, 35) Results and Discussion Determination of optimum conditions for removal of p-chlorophenol Effect of H 2 O 2 concentration First, the effect of the addition of H 2 O 2 on pchlorophenol treatment was investigated at pH 6.0 and 30 C. Figure 1 shows the effect of the addition of H 2 O 2 on p-chlorophenol treatment at pH 6.0 and 30 C in the presence of 10K-PEG at 0.10 mg/cm 3 . The p-chlorophenol concentration slightly decreased even when HRP was added to a p-chlorophenol solution containing only 10K-PEG at 0.10 mg/cm 3 in the absence of H 2 O 2 . This is probably due to nonenzymatic oxidation. p-Chlorophenol was completely treated for 10 min by increasing the H 2 O 2 concentration to 1.5 mM. This indicates that HRP radicalized p-chlorophenol in the cycle of the Chance-George mechanism in the presence of H 2 O 2 . 24, 36, 37) Here, since the maximum turbidity was obtained at a H 2 O 2 concentration of 2.5 mM, this value was determined to be the optimum H 2 O 2 concentration. It has been reported by Ikehata et al. 38) that the activity of Coprinus cinereus peroxidase decreased in the presence of excess H 2 O 2 . On the other hand, no marked decrease in the activity of HRP was observed in the H 2 O 2 concentration range up to 4.0 mM in this study.
Effects of concentration and molecular mass of PEG The effects of the concentration and molecular mass of PEG on p-chlorophenol treatment were investigated. Even when H 2 O 2 was added to a p-chlorophenol solution containing HRP without PEG, the p-chlorophenol concentration decreased to 1.8 mM for 60 min. Figure 2 shows the effect of the concentration of 10K-PEG on p-chlorophenol treatment at pH 6.0 and 30 C. The % residual value sharply decreased within 10 min irrespective of the 10K-PEG concentration. The pchlorophenol concentration at 60 min decreased by increasing the 10K-PEG concentration, and p-chlorophenol was almost completely treated at 0.075 mg/cm 3 . Then the solutions became highly turbid due to the generation of oligomer precipitates. No peaks emerged over the wavelength range from 270 to 700 nm. In addition, the solution became transparent and colorless, when the oligomer precipitates were filtered out. This indicates that no water-soluble intermediates were present in the reaction solutions. Turbidity passed the maximum value and decreased due to aggregation or deposition at a 10K-PEG concentration of 0.10 mg/cm 3 . Subsequently, the effect of molecular mass of PEG on p-chlorophenol treatment was investigated at a constant PEG concentration of 0.10 mg/cm 3 . p-Chlorophenol was completely treated by HRP within 20 min in the presence of the PEG samples except for 1K-PEG. It was found that the addition of PEG facilitated the aggregation of oligomer precipitates and the maximum turbidity was obtained for 10K-PEG. However, since PEG samples with higher molecular mass had lower solubility in a buffer and the stock PEG solutions were relatively viscous, the optimum molecular mass of PEG was determined to be 1:0 Â 10 4 . The above mentioned results suggest that the decrease in the activity of HRP, or inactivation, is suppressed probably due to the interaction of PEG chains with the products enzymatically generated. 30, 39) Therefore, the HRP dose required for treatment of p-chlorophenol decreased by the addition of PEG. It was found that the PEG samples with molecular mass higher than 1:0 Â 10 4 effectively protected the activity of HRP. Here, unfortunately, our consideration is somewhat qualitative for discussing the effect of the concentration and molecular mass of PEG on protection of the activity of HRP. In addition, on the basis of the above results, the effects of the pH value, temperature, and HRP concentration on p-chlorophenol treatment were investigated in the presence of 10K-PEG at 0.10 mg/cm 3 . Effects of pH value, temperature, and HRP concentration Figure 3a shows the effect of the pH value on pchlorophenol treatment at 30 C with HRP at 0.10 U/ cm 3 in the presence of 10K-PEG and H 2 O 2 . Although pchlorophenol was enzymatically treated within 20 min in the pH range from 6.0 to 8.0, some oligomer precipitates passed through a Dismic Ò filter unit. The turbidity value attained was relatively low (1.5-1.6 at 60 min) at pH 7.5 and 8.0. The quantities of p-chlorophenol of 6.3% were left unreacted at 60 min, although the maximum turbidity was obtained in a pH 5.0 buffer. Since turbidity decreased at 10 min due to aggregation of oligomer precipitates generated and no water-soluble intermediates were present in the reaction solution, the optimum pH value was determined to be 6.0. Figure 3b shows the effects of the temperature on pchlorophenol treatment at pH 6.0. The % residual value decreased over the reaction time irrespective of the temperature. At 30 and 40 C, p-chlorophenol was completely treated within 10 min. However, the % residual value gradually increased with a further increase in the temperature from 40 C, because HRP was deactivated due to thermal denaturation. 40, 41) The lowest temperature, 30 C, was determined to be the optimum one. Subsequently, the effect of the HRP concentration on p-chlorophenol treatment was investigated at pH 6.0 and 30 C. The reaction time was shortened from 20 min at 0.05 U/cm 3 to 10 min at 0.10 U/cm 3 by increasing the HRP concentration. It was found from above results that p-chlorophenol of 2.5 mM was completely treated by HRP of 0.10 U/cm 3 in the presence of H 2 O 2 and 10K-PEG at pH 6.0 and 30 C and a transparent, colorless solution was obtained by filtering out the oligomer precipitates.
Removal of m-chlorophenol First, treatment of m-chlorophenol was investigated in buffers of different pH values at the optimum concentrations of 10K-PEG, H 2 O 2 , and HRP as determined for treatment of p-chlorophenol in the section above. Although the m-chlorophenol concentration sharply decreased 10 min after the enzymatic reaction started, the quantities of m-chlorophenol of 45-60% remained in the reaction solution even at 60 min irrespective of the pH value. At pH 5.0 at which the minimum % residual value of 43.8% was obtained, the HRP concentration further increased. However, even when the HRP concentration was increased to 1.00 U/cm 3 , the quantities of m-chlorophenol of 19.8% were left unreacted in the reaction solution at 60 min. Therefore, m-chlorophenol treatment were carried out by increasing molecular mass of PEG and the concentration of 10K-PEG in the presence of HRP at 1.0 U/cm 3 and H 2 O 2 at 2.5 mM at pH 5.0. The residual % value for m-chlorophenol was kept almost constant in the range of molecular mass higher than 1:0 Â 10 4 at 0.1 mg/cm 3 . On the other hand, as shown in Fig. 4 , the % residual value gradually decreased with an increase in the 10K-PEG concentration and the % residual value of 4.0% was obtained at 1.0 mg/cm 3 . In addition, when the reaction time was further increased to 3 h, the % residual value went down to 1.2%. These results indicate that the activity of HRP is effectively retained by increasing the 10 K-PEG concentration for treatment of m-chlorophenol.
Removal of o-chlorophenol Treatment of o-chlorophenol was investigated in buffers of different pH values at 0.10 U/cm 3 . Although the quantities of o-chlorophenol of about 60% were left unreacted at 60 min in a pH 3.0 buffer, o-chlorophenol was completely treated and turbidity increased over the reaction time in the pH range of 4.0 to 7.0. The % residual value decreased in the shortest reaction time at pH 6.0, but the water soluble intermediates with a peak at 410 nm were present in the reaction solutions. The absorbance at 410 nm gradually decreased with an increase in the reaction time after removal of the oligomer precipitates as shown in Fig. 5 . It has been reported in several articles that components with a peak at or near 400 nm characteristic of either phenoxy radicals or quinones were generated by the enzymatic reaction. 42, 43) Here, radical formation from water-soluble intermediates with HRP is considered to be slow from the fact that it took 40 min to enzymatically treat most of o-chlorophenol as shown in Fig. 5 . In addition, when the pH value of the solution was decreased to 3.0 by adding 2 M HCl at 30 min at which almost all of o-chlorophenol was treated with HRP, the absorbance at 410 nm more sharply decreased. This suggests that the decrease in the pH value of the solution leads to the increase in oligomer formation and/or aggregation of oligomer precipitates. We can safely say that the decrease in the absorbance at 410 nm can be seen as an indication of the decrease in the water-soluble components generated during or after the enzymatic conversion of o-chlorophenol. Therefore, it is seen that this procedure is effective in removing o-chlorophenol from solutions to a great extent. The optimum conditions for enzymatic treatment of o-, m-, and p-chlorophenols are summarized in Table 1 . o-, m-, and p-Chlorophenols were completely or highly treated by HRP, and the detailed conditions such as the pH value and HRP and 10K-PEG concentrations depended on the type of chlorophenols. It was found that the activity of HRP to m-chlorophenol was slower than that to p-chlorophenol. Removal of o-, m-, and p-cresol is discussed in the following section.
Removal of o-, m-, and p-cresol Removal of p-cresol Figure 6 shows the effect of the pH value on treatment of p-cresol with HRP. The concentration of p-cresol sharply decreased against the reaction time irrespective of the pH value. p-Cresol was completely treated at 10 min in buffers of pH 6 and 7 and turbidity gradually increased over the reaction time. The oligomer precipitates generated in the early stage were very small, and some of them passed through a Dismic Ò filter. However, a transparent, colorless solution was obtained by filtering out the oligomer precipitates thoroughly 60-90 min after the enzymatic treatment was initiated. On the other hand, although it took 20 min to completely treat p-cresol at pH 5.0, turbidity passed the maximum value and gradually decreased due to aggregation of oligomer precipitates. Although enzymatic treatment at pH 5.0 facilitated filtration of oligomer precipitates, enzymatic treatment of p-cresol at pH 5.0 was a little slower than at pH 6.0-8.0. Therefore, the optimum pH values for removal of p-cresol was determined to be 5.0 from the fact that aggregation of oligomer precipitates was faster than at other pH values, and determined to be 6.0 and 7.0 from the fact that p-cresol was treated with HRP faster than at other pH values.
Removal of m-cresol We began with the effect of the pH value on removal of m-cresol with HRP at 0.10 U/cm 3 . The % residual value at 60 min decreased from 53% at pH 5.0 to 5% at pH 8.0. However, the decrease in the m-cresol concentration was faster at pH 7.0 than at pH 8.0. It was found that treatment of m-cresol with HRP was greatly affected by the pH value and the HRP activity was considerably low at pH 5.0. Based on these results, the HRP concentration was further increased at pH 7.0. The residual value at 60 min decreased with an increase in the HRP concentration and almost all of m-cresol was enzymatically treated at 0.15 and 0.20 U/cm 3 as shown in Fig. 7 . A transparent, colorless solution was obtained at 20 min, and the peak at 410 completely disappeared. This indicates that enzymatic treatment of m-cresol by HRP was a little slower than that of p-cresol and mcresol was fully removed by increasing the HRP concentration to 0.15-0.20 U/cm 3 .
Removal of o-cresol
The effects of the pH value and HRP concentration on o-cresol treatment were investigated. The minimum % residual value was obtained at pH 7.0 and the quantities of o-cresol of 43.1% were left unreacted at 60 min in the case where o-cresol was treated at 0.05 U/cm 3 . Therefore, the HRP concentration was further increased at pH 7.0. When the HRP concentration was increased to 0.15 U/cm 3 in the presence of 10K-PEG and H 2 O 2 at pH 7.0 and 30 C, the % residual value decreased to 5.9% at 60 min as shown in Fig. 8 . Although a sharp increase in turbidity was observed at shorter reaction times, the solution remained to be colored yellow after removal of the oligomer precipitates. The absorbance (Abs ¼ 2:3) at 405 nm which is characteristic of phenoxy radicals or quinones generated from o-cresol reached the maximum value at 15 min, and then gradually decreased due to oligomerization. However, the solutions were kept colored even at 120 min. We tried to remove the color of the solution with chitosan. Chitosan films were added to an o-cresol solution containing 10K-PEG and H 2 O 2 , and then the enzymatic reaction was initiated by adding HRP. Figure 9 shows the decrease in the absorbance at 405 nm of the o-cresol solutions in which one or two pieces of chitosan films were immersed. The absorbance at 405 nm sharply decreased and reached 0.5 at 5 h. In addition, although ocresol was completely treated at 60 min, a small amount of water-soluble intermediates were left in the reaction solutions. Therefore, we intended to aim at the complete removal of o-cresol with other enzymes. Enzymatic treatment of o-, m-, and p-cresols is also summarized in Table 1 . The fact that the pK a values of chlorophenols are lower than those of cresols means that chlorophenols are somewhat stronger acids than cresols. The optimum pH values determined for chlorophenols were lower than those determined for cresols. These results suggest that phenol compounds with low pK a values are treated by HRP at lower pH values. In this study, we determined the optimum conditions to effectively remove o-, m-, and p-chlorophenols and o-, m-, and p-cresols from solutions with HRP. The optimum conditions determined for removal of pchlorophenol at 2.5 mM were the 10K-PEG concentration of 0.10 mg/cm 3 , H 2 O 2 concentration of 2.5 mM, and HRP concentration of 0.10 U/cm 3 in a pH 6.0 buffer at 30 C. However, the activity of HRP depended on the relative location of a chlorine atom for chlorophenols and of a methyl group for cresols, and increased in the order of meta < ortho < para for chlorophenol and ortho < meta < para for cresol. Chlorophenols and cresols were completely or highly removed by increasing the HRP and 10K-PEG concentrations and adjustment of the pH value after the treatment with HRP as needs arose. For removal of o-chlorophenol, the decrease in the pH value after the enzymatic treatment led to the increase in the aggregation of oligomer precipitates. In addition, removal of o-cresol was accelerated by absorbing the water-soluble intermediates on the chitosan films.
Further research ought to focus on minimization of the inactivation by some means such as immobilization. Since the phenol compounds used here were effectively treated in shorter times at much lower enzyme doses than the procedure for removal of p-alkylphenols with tyrosinase as published in our previous articles, 7, 9) the investment of the use of enzymes can be considerably decreased. Therefore, this procedure will be applied to removal of di-and tri-chlorophenols and other alkylphenols in the near future.
